I.
Introduction
The addition of a small amount of paramagnetic substance such as oxygen has been found to facilitate the conversion of nuclear-spin species. Early studies on the kinetics of the ortho-para hydrogen conversion process noted that oxygen and o~her paramagnetic molecules greatly enhanced the conversion rate. l
'.
The phenomenon of nuclear-spin-species conversion in solid methane has been observed in the low-temperature phase spin and spin-rotation, induce interspecies conversioll, these processes a.re very slow at very low temperatures. III an effort to reduce relaxation times in low-temperature studies of methane, small quantities of oxygen were often introduced into the lattice to obtain more rapid equilibyium. In Section II calculations are presented ,concerning the properties of oxygen in a cubic lattice such as methane.
Included are calculations of the heat capacity for various cubic fields as well as for freely rotating molecules. These results indicate that corrections to the heat capacity of typical oxygen-doped methane samples will be small and tl1at
values from the freely rotating model will be a good approximation for cubic fields of moderate strength.
Section III treats the problem of spin-species conversion of methane by interaction with oxygen. The results are discussed in Section IV with particular reference to conversion rates below 1 0 K.
II.
Properties of 02 in a Cubic Lattice
As oxygen-methane samples are solidified, it is likely that oxygen will occupy a methane site in the lattice structure.
Thci carbon atoms of the methane lattice form a face-centered cubic structure. Since oxygen is smaller than a methane mqlecule, it may be rather freely rotating in the methane lattice, and we choose as our model that of a rotating oxygen molecule perturbed by a crystal field of cubic symmetry.
The spectrum of the ground electronic state of gaseouS 3 -oxygen ( Eg) shows a fine structure splitting of the rotational levels.
6 Kramers 7 has shown that the dipole-dipole interaction between the two unpaired electron spins, when averaged over the rotation, removes the degeneracy of the rotational levels in the observed manner. There is also a weaker Bund's case (b)6
coupling of the spin with the total angular momentum apart from spin, but this term is negligible for our purposes.
Our total Hamiltonian for oxygen in methane includes the contributions from rotation, crystal field, and spin-spin interactions.
The spin-spin coupling arising from the interaction of the two magnetic-dipole moments is of the form where A is a constant measuring the~trength of the interaction.
Here the spin-spin Hamiltonian is expressed in terms of the total spin ~ == ~l + ~2 with S± = Sx ± iS y and the polar coordinates refer to the orientation of the vector from spin I to spin 2.
The basis IKmKmS> proves to be convenient where K is the rotational quantum number and m K and mS are the components of K and S on the z-axis, respectively. The kinetic energy yields only the familiar diagonal contributions B K(K+I Only odd values of K are allowed for 160 the dominant 2 ' isotopic species. Table I summarizes the resulting energies relative to the ground state. Figure 1 shows the fine structure splitting calculated for oxygen in the gas phase (XO h = 0), and the additional splitting which arises in a weak octahedral field.
The calculations were made using a basis set with a maximum rotational value of K = 7. The 3(2K+l) states for each K value yielded a total of 108 basis functions. This was a sufficiently large basis set to give an accurate description of the behavior of the levels which are populated at low temperatures.
The heat capacity for oxygen in a cubic field was calculated for various values of XO h , using the usual statistical mechanical equations, and is shown in Fig. 2 .
In interpreting these results it is useful to note that the maximum difference in potential for molecular rotation is 
/" J=2 Table I .
In EPR studies of 02 in an N Z matrix at 4.ZoK, Simoneau, Harvey, and Graham 14 confirmed an axial substitutional site for OZ' In preliminary experiments with 0z in a CO lattice, they found resul ts almost identical to those in a N2 "lattice.
Samples were also prepared with argon and CD 4 matrices; however, these data "showed no distinctive features and were not amenable to analysis." Hence, Simoneau et al. concluded
there was no evidence here of an axial site about the Oz molecule. Thjs result is consistent with our choice of a cubic field fdr 02 in methane, but unfortunately it gives only a vague upper limit to the constant for the cub.ic field. Table II. 12 
)3 x 10 -10 Table 111 . 20 (6) The rotational wave functions of a spherical-~op molecule may be expressed in terms of the normalized D functions 21 ,22
where the Euler angles {aBy} describe the molecular orientation with respect to a space-fixed reference axis. We adopt 
Only the sp1n part of the interaction Hamiltonian (Eq. 12) will affect the oxygen wave function since we have assumed oxygen is fixed relative to the rotating methane.
We seek the oxygen "spin-allowed" transitions which are Thus we find non-vanishing matrix elements for S-1f 6m S = tl atid for Sz if 6m S = 0 but mS ~ O. On substitution of the wave functions given jn Table III 
Re~u1ts for some states witp higher J are given elsewhere.
In general the selection rule for the states of 02 is l'lJ = ±1, o but with J = 0 toJ = 0 forbidden. Table V for the allowed transitions between J = 0 and J = 1 levels 'of methane.
In Table V well wIthin tIe e astlc or acoustIC an :or so I metlune; hence, the transitions will remain allowed, but the quantitative transition probabilities will be affected. Also it is necessary to consider the phonon population at a given temperature when phonons are absorbed. In addition we assume as a first approximation R = R where n j t appears in the denominator in Eq. (12) .
(A2)
To evaluate the allowed A ++ T spin transition matrix elements, let us look at the allowed transition from a J=O IA2> spin state of CH 4 due to the Hamiltonian term in Eqs. (11, 12) Only the I term allows IA2> + T transitions. Using the The other allowed A + T transitions (Table V) 
